Nerve growth factor (NGF) can induce apoptosis by signaling through the p75 neurotrophin receptor (p75 NTR ) in several nerve cell populations. Cultured embryonic motor neurons expressing p75 NTR are not vulnerable to NGF unless they are exposed to an exogenous flux of nitric oxide ( ⅐ NO). In the present study, we show that p75 NTR -mediated apoptosis in motor neurons involved neutral sphingomyelinase activation, increased mitochondrial superoxide production, and cytochrome c release to the cytosol. The mitochondria-targeted antioxidants mitoQ and mitoCP prevented neuronal loss, further evidencing the role of mitochondria in NGF-induced apoptosis. In motor neurons overexpressing the amyotrophic lateral sclerosis (ALS)-linked superoxide dismutase 1 G93A (SOD1 G93A ) mutation, NGF induced apoptosis even in the absence of an external source of ⅐ NO. The increased susceptibility of SOD1 G93A motor neurons to NGF was associated to decreased nuclear factor erythroid 2-related factor 2 (Nrf2) expression and downregulation of the enzymes involved in glutathione biosynthesis. In agreement, depletion of glutathione in nontransgenic motor neurons reproduced the effect of SOD1 G93A expression, increasing their sensitivity to NGF. In contrast, rising antioxidant defenses by Nrf2 activation prevented NGF-induced apoptosis. Together, our data indicate that p75 NTR -mediated motor neuron apoptosis involves ceramide-dependent increased mitochondrial superoxide production. This apoptotic pathway is facilitated by the expression of ALS-linked SOD1 mutations and critically modulated by Nrf2 activity.
Introduction
Nerve growth factor (NGF) has a key role on the development and function of the nervous system (Snider, 1994; Chao, 2003) . In addition to promoting neuronal differentiation and survival, NGF can induce apoptosis of neurons during development and may also help eliminate damaged neurons and glial cells in pathological conditions (Barker, 2004; Nykjaer et al., 2005) . NGF exerts its actions through two nonhomologous transmembrane receptors, the tyrosine kinase receptor TrkA and the p75 neurotrophin receptor (p75 NTR ). p75 NTR is a member of the tumor necrosis factor receptor superfamily and can act as a death receptor signaling apoptosis in several neuronal populations (Barrett, 2000; Nykjaer et al., 2005) .
Adult motor neurons had been thought to be unresponsive to NGF because they lack both TrkA and p75 receptors (Henderson et al., 1993; Yan et al., 1993; Sendtner et al., 2000) . However, adult motor neurons can reexpress p75 NTR after nerve injury (Koliatsos et al., 1991; Rende et al., 1995; Ferri et al., 1998) and in amyotrophic lateral sclerosis (ALS) (Seeburger et al., 1993; Lowry et al., 2001b) . Induction of p75 NTR renders motor neurons vulnerable to NGF-induced apoptosis. p75
NTR has been implicated in motor neuron death occurring in transgenic mice overexpressing mutant Cu-Zn superoxide dismutase (SOD1) (Lowry et al., 2001b; Copray et al., 2003; Kust et al., 2003; Turner et al., 2003a,b) or after axotomy (Ferri et al., 1998; Wiese et al., 1999; Lowry et al., 2001a) . Pure motor neuron cultures expressing p75 NTR are sensitive to NGF-induced apoptosis only when physiological concentrations of exogenous nitric oxide ( ⅐ NO) are present, either from a ⅐ NO donor or generated by feeder astrocyte monolayers (Pehar et al., 2004) . These motor neurons also become immunoreactive for nitrotyrosine, suggesting that p75 NTR activation may be inducing a source of superoxide that converts nitric oxide into peroxynitrite.
Astrocytes can protect motor neurons against p75 NTR -induced apoptosis by the activation of the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), which increases antioxidant defenses . Thus, the signaling pathway induced by p75 NTR and its final outcome differs depending on the cell type and physiological context (Gentry et al., 2004; Nykjaer et al., 2005) . The death pathway is not completely elucidated, but is associated with activation of c-Jun N-terminal kinase (JNK), release of cytochrome c from mitochondria, and subsequent activation of caspases 9, 6, and 3 (Casaccia-Bonnefil et al., 1996; Yoon et al., 1998; Wang et al., 2001; Bhakar et al., 2003) . Ceramide production may also be a mediator of p75 NTRinduced apoptosis (Dobrowsky et al., 1994; Casaccia-Bonnefil et al., 1996) . Ceramide generation is dependent on either de novo ceramide synthesis and/or increased activity of sphingomyelinases, a family of enzymes distinguished by their different pH optima (Marchesini and Hannun, 2004) . Ceramide could be a mediator of apoptosis by acting, directly or indirectly, on mitochondria, where it can dissipate the membrane potential, promote cytochrome c release, and induce reactive oxygen species (ROS) production (Garcia-Ruiz et al., 1997; Gudz et al., 1997; Quillet-Mary et al., 1997; Mansat-de Mas et al., 1999; Birbes et al., 2002) .
We have previously shown that p75 NTR -induced motor neuron death involves increased production of ROS and reactive nitrogen species (RNS) (Pehar et al., 2004) . However, the source of the increased ROS production induced by p75 NTR activation in motor neurons is currently unknown. In the present study, we investigated the apoptotic pathway mediated by p75 NTR in motor neurons and the impact of ALS-linked SOD1 G93A expression. We show that this pathway involved neutral sphingomyelinase (nSMase) activation and increased mitochondrial superoxide production. Motor neurons overexpressing ALS-linked SOD1 G93A mutation showed greater susceptibility to the p75 NTR -activated apoptotic pathway, which was associated to decreased Nrf2 expression and the consequent reduction in antioxidant defenses.
Materials and Methods
Materials. Culture media and serum were obtained from Invitrogen (Carlsbad, CA). Mouse NGF (2.5S) was obtained from Harlan (Madison, WI), recombinant human soluble Fas ligand and tertbutylhydroquinone (tBHQ) from Alexis (San Diego, CA), and primers from Integrated DNA Technologies (Coralville, IA). Blocking antibodies to NGF and p75 NTR were from Chemicon (Temecula, CA). Manumycin A and NЈ, phenyl]-3,3Ј-pphenylene-bis-acrylamide dihydrochloride (GW4869) were from Calbiochem (La Jolla, CA). All other reagents were from Sigma (St. Louis, MO) unless otherwise specified. Mitochondria-targeted ubiquinone (mitoQ) (Kelso et al., 2001 ) and carboxy proxyl (mitoCP) (Dhanasekaran et al., 2005) were kindly provided by Dr. M. P. Murphy (Medical Research Council-Dunn Human Nutrition Unit, Cambridge, UK) and Dr. B. Kalyanaraman (Medical College of Wisconsin, Milwaukee, WI), respectively.
Purified motor neuron cultures. Motor neuron cultures were prepared from embryonic day 15 (E15) rat spinal cord by a combination of metrizamide gradient centrifugation and immunopanning with the monoclonal antibody IgG192 against p75 NTR as described previously (Henderson et al., 1995) . Transgenic SOD1 G93A and nontransgenic motor neurons were prepared in the same way, from E15 embryos genotyped by PCR. Sprague Dawley SOD1 G93A L26H rats were kindly provided by Dr. David S. Howland (Wyeth Research, Princeton, NJ) (Howland et al., 2002) . Motor neurons were plated at a density of 350 cells/cm 2 on four-well multidishes or Lab-Tek (Nunclon; Nunc, Naperville, IL) precoated with polyornithine-laminin. Cultures were maintained in Neurobasal medium supplemented with 2% horse serum, 25 M L-glutamate, 25 M 2-mercaptoethanol, 0.5 mM L-glutamine, and 2% B-27 supplement (Invitrogen). Motor neuron survival was maintained by the addition of glial cell line-derived neurotrophic factor (GDNF) (1 ng/ml; Sigma) to the culture media. Motor neuron death induced by trophic factor deprivation (NONE; without GDNF) was determined in all experiments as a control and never was Ͼ50%. Motor neuron survival was assessed after 48 h by direct counting of all cells displaying intact neurites longer than four cell bodies in diameter in a prefixed area of the dish. As a control, the expression of human SOD1 G93A was determined in the spinal cord of E15 embryos and in motor neuron cultures by Western blot. Briefly, protein samples from 30,000 motor neurons or 20 g of spinal cord extract were resolved on a 12% SDS-polyacrylamide gel and transferred to nitrocellulose membrane. Anti-SOD1 antibodies were developed in rabbit using recombinant pure human SOD1 as immunogen (kindly provided by Dr. M. Marin, University of the Republic, Montevideo, Uruguay). Membranes were reprobed with ␤-actin antibodies (Sigma) as a loading control.
Cell treatments. Treatments with NGF and inhibitors were performed 3 h after motor neuron plating unless otherwise specified. The generation of a steady-state concentration (Ͻ50 nM) of nitric oxide was obtained by the spontaneous disassociation of 10 M (2)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate] (DETA-NONOate; Alexis). Soluble Fas ligand was added in the presence of enhancer antibody (1 g/ml) 16 h after motor neuron plating.
Treatment with antisense oligonucleotides to downregulate p75 NTR expression in motor neurons was performed as described previously . Briefly, HPLC-purified phosphorothioate antisense and missense oligonucleotides (5 M; Integrated DNA Technologies) were added to the cell suspension of purified motor neurons and repeatedly pipetted before seeding. The oligonucleotides were present the whole time of culture. To determine the efficiency of uptake, cultures were incubated with p75 NTR antisense oligonucleotides with a 5Ј 56-FAM fluorescent label. Cells were transferred to the heated stage (37°C) of a Zeiss (Oberkochen, Germany) LSM510 confocal microscope with constant 5% CO 2 . Fluorescence was imaged with a 63ϫ oil immersion objective. Uptake efficiency was Ͼ96% in all experiments. Sequences used were as follows: p75 NTR antisense, 5Ј-ACCTGCCCTCCTC-ATTGCA-3Ј, and p75 NTR missense, 5Ј-CTCCCACTCGTCATTC-GAC-3Ј (Florez-McClure et al., 2004) . This antisense sequence has previously been shown to be effective at inhibiting p75 NTR -induced apoptosis in motor neurons both in vivo and in vitro (Lowry et al., 2001a; Pehar et al., 2006) .
Relative quantitative reverse transcription-PCR. RNA was extracted from purified motor neuron cultures using RNeasy (Qiagen, Valencia, CA) and cDNA was prepared using SuperScript II retrotranscriptase (Invitrogen) according to manufacturer's instructions. PCR primers specific to each gene are as follows: Nrf2, 5Ј-TTCCTCTGCTGCCAT-TAGTCAGTC-3Ј, and 5Ј-GCTCTTCCATTTCCGAGTCACTG-3Ј (242 bp); glutamate-cysteine ligase modifier subunit (GCLM), 5Ј-AATCT-TGCCTCCTGCTGTGTGATG-3Ј, and 5Ј-GGCTTCAATGTCAGGG-ATGCTTTC-3Ј (153 bp); glutamate-cysteine ligase catalytic subunit (GCLC), 5Ј-ATGAAAGTGGCACAGGAGCGAG-3Ј, and 5Ј-AAACA-CGCCTTCCTTCCCATTG-3Ј (186 bp); neuronal nitric oxide synthase (nNOS), 5Ј-CCACACCAACGGGAATCAGGAG-3Ј, and 5Ј-TCCT-CCAGCACCTCCACCATTG-3Ј (405 bp); actin, 5Ј-CATGAAGA-TCCTGACCGAGCGTG-3Ј, and 5Ј-TCTGCTGGAAGGTGGAC-AGTGAGG-3Ј (497 bp). p75 NTR primers were from Promega (Madison, WI). PCRs were performed in a 50 l reaction volume containing 5 l of cDNA, 20 pmol of each specific primer, 200 M dNTPs, 2.5 mM MgCl 2 , 1.5 U of AmpliTaq Gold, and 1ϫ GeneAmp PCR buffer (Applied Biosystems, Foster City, CA). Minus reverse transcription (RT) controls were included in each assay and control reactions were run to ensure the amplification was in the linear range. The amplification products were separated in non-denaturing 6% polyacrylamide gel and stained with SYBR Gold Nucleic Acid Gel Stain (Invitrogen). Densitometric analysis was performed using the NIH Image program, and gene expression levels were normalized against actin levels.
Fluorescence emission of reactive probes. To test fluorescence emission of MitoSOX Red (mito-HE; Invitrogen), 24 h plated motor neurons were transferred to the heated stage (37°C) of a Zeiss LSM510 confocal micro-scope with constant 5% CO 2 . Fluorescence was imaged using a 405 nm diode laser with a 63ϫ oil immersion objective with objective heater. The microscope was kept centered on one set of cells throughout an experiment. Before treatment with mito-HE, instrument parameters were set to minimize autofluorescence at 405 nm. Afterward, laser and image intensities were kept constant. Cells were incubated with 0.1 M mito-HE for 15 min and after washing incubated in supplemented L15 (Pehar et al., 2004) without phenol red. Images were obtained immediately after mito-HE treatment and then every 10 min. No increase in mito-HE fluorescence was observed in control conditions. Alternatively, after mito-HE incubation, cells were treated with 100 ng/ml NGF and then imaged every 15 min. Treatment with GW4869 (100 nM) was performed 3 h after motor neuron plating and fluorescence was analyzed 24 h later. Immediately after mito-HE fluorescence analysis, cells were incubated with the mitochondrial probe Mitotracker Deep Red (3.6 nM; Invitrogen) to confirm colocalization with mito-HE (data not shown). The Zeiss LSM510 image analysis software package was used to quantify fluorescence in motor neuron cultures.
To test monochlorobimane fluorescence emission, motor neurons maintained with GDNF (1 ng/ml) were treated with buthioninesulfoximine (BSO) (10 nM) or tBHQ (500 nM). After 24 h, cells were incubated for 30 min in culture medium with monochlorobimane (10 M) and fixed in ice-cold 4% paraformaldehyde, 0.1% glutaraldehyde in PBS. Fluorescence was imaged by confocal microscopy immediately after fixing.
Cytochrome c immunolabeling. Nontransgenic and SOD1 G93A motor neuron cultures were maintained for 16 h in the presence of GDNF (1 ng/ml) and then treated with NGF (100 ng/ml) in the presence or absence of DETA-NONOate (10 M). After 12 h, cultures were fixed as described above and processed for cytochrome c immunolabeling using Alexa Fluor 488 cytochrome c apoptosis detection kit from Invitrogen. Imaging was performed by confocal microscopy, and the percentage of cells with diffuse staining was determined.
Statistical analysis. Data analysis was performed using standard statistical packages (SigmaStat; Jandel, San Rafael, CA). All values are the mean of at least three independent experiments performed in duplicate. Comparison of the means was performed by one-way ANOVA. Pairwise contrast between means used the Student-Newman-Keuls test and differences were declared statistically significant if p Ͻ 0.05.
Results
Because increased ceramide production has been involved as a central component of the apoptotic pathway mediated by p75 NTR in other cell types, we examined its role in p75 NTRmediated motor neuron apoptosis. Consistent with our previous results (Pehar et al., 2004) , NGF reduced motor neuron survival by 40% only in the presence of the nitric oxide ( ⅐ NO) donor DETA-NONOate (10 M; steady-state concentration of ⅐ NO, Ͻ50 nM), whereas ⅐ NO alone did not affect neuronal survival (Fig. 1 A) . The extent of NGF-induced reduction in motor neuron survival was similar to that induced by trophic factor deprivation (44 Ϯ 6.1%) (Fig. 1 A, dashed lines) . NGF-induced motor neuron death was blocked by manumycin A (10 nM) and GW4869 (100 nM), specific inhibitors of nSMase (Arenz et al., 2001; Luberto et al., 2002) (Fig. 1 A) . However, desipramine (5 nM to 5 M), an inhibitor of the acid isoform of SMase was devoid of effect ( Fig. 1 A) . These results indicate the involvement of ceramide production by nSMase activation in p75 NTR -mediated motor neuron apoptosis.
Immunofluorescence studies revealed that nSMase activation was followed by cytochrome c release from mitochondria ( Fig.  1 B) . In the absence of NGF, motor neurons showed a punctate pattern of cytochrome c immunoreactivity, indicative of mitochondrial localization. NGF (100 ng/ml) or DETA-NONOate (10 M) treatment alone did not affect cytochrome c localization (Fig. 1C) . In contrast, after 12 h of NGF treatment in the presence Figure 1 . NGF-inducedapoptosisinmotorneuronsinvolvesnSMaseactivationandtriggerscytochrome crelease from mitochondria. A, Pure motor neuron cultures maintained with GDNF (1 ng/ml) were exposed to NGF (100 ng/ml) plus 10 M DETA-NONOate (yielding ϳ50 nM ⅐ NO steady state) in the presence of vehicle, GW4869 (100 nM; GW), manumycin A (10 nM; MANU), or desipramine (5 M; Desip.). SMase inhibitors were added 1 h before NGF and DETA-NONOate. Motor neuron survival was determined 48 h after treatment. The dashed lines represent the SD of trophic factor deprivation (NONE; without GDNF) as a control for maximum cell death observed. Data are expressed as percentage of GDNF (mean Ϯ SD). *p Ͻ 0.05, significantly different from GDNF. B, Fluorescence microphotographsshowingcytochromecimmunoreactivityinmotorneuronsmaintainedwithGDNF(control) or exposed to NGF plus DETA-NONOate (NGFϩNO). In the absence of NGF, motor neurons showed a punctuate (mitochondrial) labeling of cytochrome c, whereas 12 h after treatment with NGFϩNO motor neurons showed a diffuse cytoplasmic labeling. C, GW4869 (100 nM; GW) prevented cytochrome c release induced by NGFϩNO. Motor neurons maintained with GDNF (1 ng/ml) were exposed to vehicle (Ctrl), NGF (100 ng/ml), DETA-NONOate (10 M; NO), GW4869 (100 nM; GW), or its combination. The percentage of motor neurons showing diffuse labeling was determined by direct counting under the microscope. GW alone did not affect cytochrome c labeling (data not shown). *p Ͻ 0.05, significantly different from control.
of DETA-NONOate, ϳ27% of motor neurons displayed a diffuse pattern of cytochrome c immunoreactivity, indicating release into the cytoplasm (Fig. 1 B, C) . Cytochrome c release induced by NGF in the presence of nitric oxide was prevented by the addition of the nSMase inhibitor GW4869 (Fig. 1C) , indicating that cytochrome c release required ceramide production.
It has been previously shown that ceramide may induce ROS production by mitochondria (Garcia-Ruiz et al., 1997; QuilletMary et al., 1997; Mansat-de Mas et al., 1999) . We therefore tested for the potential involvement of mitochondrial ROS production in NGF-mediated motor neuron death. Superoxide (O 2 . )
production by mitochondria was analyzed using MitoSOX Red (mito-HE). Mito-HE comprises HE (hydroethidine), a commonly used probe for O 2 . , covalently linked to the lipophilic TPP ϩ (triphenylphosphonium cation), which selectively target molecules to mitochondria. The oxidation of mito-HE by O 2 .
generates a hydroxylated product that can be selectively excited at 396 nm to specifically detect O 2 . production . Mito-HE fluorescence was analyzed in pure motor neuron cultures by confocal microscopy using 405 nm excitation. NGF (100 ng/ml) treatment induced a 1.7 Ϯ 0.2-fold increase in mito-HE fluorescence emission (Fig. 2 A) , whereas no change in fluorescence emission was observed after 40 min in control experiments treated with vehicle (data not shown). The increase in mito-HE fluorescence emission was prevented by downregulation of p75 NTR expression by antisense treatment or preincubation of motor neurons with the nSMase inhibitor GW4869 (100 nM) (Fig. 2 A) , suggesting that increased O 2
. production by mitochondria follows p75 NTR and nSMase activation. Moreover, the mitochondria-targeted antioxidants mitoQ and mitoCP at concentrations in the picomolar range (Kelso et al., 2001; Dhanasekaran et al., 2005 ) also blocked NGF-induced motor neuron death (Fig. 2 B) , strengthening the role of ROS production by mitochondria in p75 NTR -mediated motor neuron apoptosis. In contrast to nontransgenic motor neurons, SOD1
G93A -expressing motor neurons were sensitive to NGF-induced apoptosis in the absence of the nitric oxide donor DETA-NONOate even at concentrations of 10 ng/ml NGF (Fig. 3) . The expression of SOD1 G93A in transgenic motor neurons under our culture conditions was confirmed by Western blot and found to be significantly higher than the endogenous rat SOD1. Curiously, the presence of DETA-NONOate (10 M), which renders nontransgenic motor neurons sensitive to NGF-induced apoptosis, did not further decrease the survival of SOD1
G93A -expressing motor neurons (Fig. 3A) . NGF-induced apoptosis in SOD1 G93A -expressing motor neurons was prevented by blocking antibodies to p75 NTR (93 Ϯ 6% of control). The effectiveness of the p75 NTR blocking antibodies to prevent signaling through p75 NTR in motor neuron cultures has been previously established (Pehar et al., 2004) . Moreover, p75 NTR -mediated apoptosis in SOD1 G93A motor neurons was prevented by nSMase inhibitors (Fig. 3B ) and involved mitochondrial O 2 . production and cytochrome c release (Fig. 3C,D) . In addition, the mitochondria-targeted antioxidants mitoQ (10 pM) and mitoCP (1 nM) also prevented NGF-induced apoptosis in SOD1 G93A motor neurons (Fig. 3E) . Although an exogenous source of nitric oxide is not required for NGF to induce SOD1 G93A motor neuron death, N-nitro-L-arginine methyl ester (NAME) (1 mM), a general nitric oxide synthase (NOS) inhibitor, and 1-(2-trifluoromethylphenyl)imidazole (TRIM) (10 M), a specific inhibitor of the neuronal isoform of NOS, prevented NGF-induced apoptosis in SOD1 G93A motor neurons (Fig. 3E) . These results indicate that the apoptotic pathway induced by NGF in SOD1 G93A motor neurons required endogenous nitric oxide production by nNOS activation.
The increased sensitivity of SOD1 G93A motor neurons to NGF could not be explained by differential expression of p75 NTR or nNOS. No significant difference was observed in p75 NTR and nNOS mRNA expression levels between nontransgenic and SOD1 G93A motor neurons as determined by RT-PCR (data not shown). However, a ϳ30% decrease in the expression of the transcription factor Nrf2 was observed in SOD1 G93A motor neurons compared with nontransgenic ones (Fig. 4) . The decrease in Nrf2 expression correlated with a decrease in the expression of Nrf2 regulated genes, including both subunits of glutamate-cysteine Figure 2 . NGF increases superoxide production by mitochondria. A, Superoxide production by mitochondria was analyzed using MitoSOX Red (mito-HE). Motor neurons cultures were incubated for 15 min with 0.1 M mito-HE and after washing were exposed to NGF (100 ng/ml). Microphotographs show the fluorescence emission of mito-HE ( exc , 405 nm) immediately after NGF addition (t ϭ 0 min) and 40 min later (t ϭ 40 min). Fluorescence emission did not change after 40 min in cultures maintained with GDNF in the absence of NGF (data not shown). The increased mito-HE fluorescence emission induced by NGF was not observed in cultures preincubated for 24 h with antisense oligonucleotides to downregulate p75 NTR expression or GW4869 (100 nM). Preincubation with missense oligonucleotides did not prevent the effect of NGF. B, Motor neuron cultures maintained with GDNF (1 ng/ml) were exposed to NGF (100 ng/ml) plus DETA-NONOate (10 M) (NGFϩNO) in the presence of vehicle (white bar) or the indicated concentrations of mitoQ or mitoCP. The dashed lines represent the SD of GDNF. Data are expressed as percentage of GDNF (mean Ϯ SD). *p Ͻ 0.05, significantly different from NGFϩNO.
ligase (GCL), GCLC and GCLM, the rate-limiting enzyme in reduced glutathione (GSH) biosynthesis (Fig. 4) . In agreement, inhibition of GSH synthesis by treatment with BSO (10 nM) increased the sensitivity of nontransgenic motor neurons to NGF (Fig. 5A) . Nontransgenic motor neurons previously exposed to BSO were sensitive to NGF-induced apoptosis even in the absence of DETA-NONOate (Fig. 5A) . The concentration of BSO used (10 nM) did not affect motor neuron survival by itself but decreased GSH levels as evidenced by the fluorescent probe monochlorobimane (Fig. 5A) . In contrast, tBHQ treatment, a well known Nrf2 activator in neurons (Johnson et al., 2002) , completely prevented motor neuron death induced by NGF in the presence of ⅐ NO (Fig. 5B) . Increased GSH content in motor neurons after tBHQ treatment was confirmed by monochlorobimane fluorescence emission (Fig. 5B, top panel) .
Nrf2 activation by tBHQ also prevented NGF-induced apoptosis in SOD1 G93A motor neurons (Fig. 6 A) . To determine whether augmented antioxidant defenses also protect neurons from apoptosis triggered by other death receptors, we analyzed the effect of tBHQ on apoptosis induced by Fas ligand in SOD1 G93A -expressing motor neurons. Rat SOD1 G93A motor neurons also displayed increased sensitivity to Fas-mediated apoptosis (Fig. 6 B) , in agreement with a previous report by Raoul et al. (2002) in mouse motor neurons. The soluble extracellular domain of Fas ligand (sFasL) in the presence of an enhancer antibody significantly reduced the survival of motor neurons in a dose-response manner, whereas the enhancer antibody alone did not affect neuronal survival (data not shown). However, the reduction of motor neuron survival induced by sFasL was higher in SOD1 G93A cultures than in nontransgenic, reaching a plateau at concentrations Ͼ0.5 ng/ml (Fig. 6 B) . Remarkably, tBHQ treatment also prevented motor neuron death induced by sFasL (Fig. 6 B) .
Discussion

Reexpression of p75
NTR under pathological conditions renders motor neurons vulnerable to NGF (Ferri et al., 1998; Wiese et al., 1999; Lowry et al., 2001a) . In the present study, we show that the NGF/ p75 NTR -mediated motor neuron apoptosis involved increased production of mitochondrial superoxide and could be prevented by increasing neuronal antioxidant defenses. Moreover, ALS-linked SOD1 G93A overexpression increases motor neuron vulnerability to NGF-mediated apoptosis by reducing antioxidant defenses. Such effect could be explained not only by the expression of SOD1
G93A with aberrant redox properties (Beckman et al., 2001 ) but also by reduced Nrf2 expression, which leads to a downregulation of the key enzymes involved in G93A show increase susceptibility to NGF-induced apoptosis. A, Motor neurons isolated from SOD1 G93A or nontransgenic (Non-Tg) E15 embryos were maintained in the presence of GDNF (1 ng/ml) and exposed to increasing concentrations of NGF. The gray bars represent motor neuron survival in cultures exposed to NGF (100 ng/ml) in the presence of DETA-NONOate (10 M). Data are expressed as percentage of its respective GDNF condition (mean Ϯ SD). *p Ͻ 0.05, significantly different from GDNF. B, SOD1
G93A transgenic motor neurons were exposed to NGF in the presence of vehicle, GW4869 (100 nM; GW) or manumycin A (10 nM; MANU). The dashed lines represent the SD of GDNF. Data are expressed as percentage of GDNF (mean Ϯ SD). *p Ͻ 0.05, significantly different from NGF. C, Fluorescence microphotographs showing cytochrome c immunoreactivity in SOD1
G93A motor neurons maintained with GDNF and exposed to vehicle (control) or NGF (100 ng/ml). In the absence of NGF, motor neurons showed a punctuate labeling of cytochrome c, and 12 h after treatment with NGF a diffuse labeling was observed in affected motor neurons. D, Microphotographs show the fluorescence emission of mito-HE ( exc , 405 nm) in SOD1 G93A motor neurons immediately after NGF addition (t ϭ 0 min) and 40 min later (t ϭ 40 min). Motor neuron cultures were treated as described in Figure 2 . E, SOD1
G93A transgenic motor neurons were exposed to NGF in the presence of vehicle, mitoQ (10 pM), mitoCP (1 nM), NAME (1 mM), or TRIM (10 M). Motor neuron survival was determined 48 h later. The dashed lines represent the SD of GDNF. Data are expressed as percentage of GDNF (mean Ϯ SD). * p Ͻ 0.05, significantly different from NGF. F, Western blot showing the expression of human mutant SOD1 (hSOD1) in the spinal cord and isolated motor neurons from transgenic ALS mice embryos. Only the endogenous rat SOD1 (rSOD1) was detected in either the spinal cord or motor neurons isolated from nontransgenic (Non-Tg) embryos.
GSH biosynthesis. In accordance, pharmacological activation of Nrf2 prevented NGF/p75 NTR -induced motor neuron apoptosis, suggesting a potential target to counteract p75 NTR -mediated motor neuron death occurring in pathological conditions. p75 NTR induces cell death by activating different signaling pathways, depending on the cell type and physiological context (Gentry et al., 2004; Nykjaer et al., 2005) . As observed for other apoptotic stimuli, including trophic factor deprivation and Fas (Estévez et al. 1998; Raoul et al., 2002) , the mechanism of p75 NTR -induced apoptosis in motor neurons involves downstream production of nitric oxide and peroxynitrite formation (Pehar et al., 2004) . In the present study, we found that the p75 NTR apoptotic pathway in motor neurons involved increased ceramide production and cytochrome c release into the cytosol, as observed in other cell types (Casaccia-Bonnefil et al., 1996; Kuner and Hertel, 1998; Brann et al., 2002; Bhakar et al., 2003) . p75
NTR -induced ceramide generation in motor neurons was mediated by activation of the neutral isoform of SMase. A similar p75 NTR -mediated apoptotic pathway was described previously in hippocampal neurons, involving nSMase activation, increased ceramide generation, and subsequent JNK activation (Brann et al., 2002) . However, in p75 NTR -expressing NIH-3T3 and PC12 cell lines, the acid isoform of SMase has been implicated in ceramide production induced by p75 NTR signaling (Dobrowsky and Carter, 1998) . Thus, it seems that p75 NTR is able to activate different SMases depending on the cell type. Interestingly, the spinal cord of ALS patients and SOD1 G93A mice exhibit a remarkable increase in ceramides and cholesterol esters, which have been shown to sensitize motor neurons to different death stimuli including oxidative and excitotoxic insults (Cutler et al., 2002) . Therefore, NGF signaling through p75 NTR and the subsequent increase in ceramide production may also modulate the sensitivity of motor neurons to other apoptotic stimuli.
In motor neurons, ceramide generation induced by p75 NTR signaling increased superoxide production by mitochondria as evidenced by oxidation of mito-HE monitored at a more selective wavelength . These results reveal mitochondria are an important source of superoxide in motor neurons exposed to NGF. It is noteworthy that the increased superoxide production by mitochondria does not require nitric oxide, whereas cytochrome c release does require the presence of an external source of nitric oxide, such as the addition of DETA-NONOate. These results suggest that peroxynitrite, a strong oxidant formed from the reaction of superoxide and nitric oxide, disrupts mitochondrial function to promote cytochrome c release (Beckman and Koppenol, 1996; Radi et al., 2002) . We have previously shown that superoxide and peroxynitrite scavengers completely prevent motor neuron death induced by NGF through p75 NTR (Pehar et al., 2004) . Moreover, the prevention of motor neuron loss by mitochondria-targeted ubiquinone (mitoQ) or carboxy proxyl (mitoCP) supports a role for mitochondrial oxidative damage in NGF-mediated apoptosis. The selective accumulation and constant recycling by mitochondria make these antioxidants 500-to 800-fold more active than G93A motor neurons. SOD1 G93A and nontransgenic (Non-Tg) motor neuron cultures were maintained with GDNF (1 ng/ml) for 24 h, and the expression level of Nrf2, GCLC, and GCLM mRNA was determined by relative quantitative RT-PCR as described in Materials and Methods. mRNA levels were corrected by actin mRNA amplification and are expressed as percentage of nontransgenic. *p Ͻ 0.05, significantly different from nontransgenic. Figure 5 . Glutathione levels modulate NGF-induced motor neuron apoptosis. A, Nontransgenic motor neuron cultures were incubated with vehicle or BSO (10 nM) and 24 h later were exposed to NGF (100 ng/ml). Motor neuron survival was determined 48 h after NGF treatment. NGF did not affect motor neuron survival in cultures preincubated with vehicle. BSO did not affect motor neuron survival by itself. The dashed lines represent the SD of NONE. Data are expressed as percentage of GDNF (mean Ϯ SD). *p Ͻ 0.05, significantly different from GDNF. The top panel shows monochlorobimane fluorescence emission from cultures maintained with GDNF (1 ng/ml) and treated for 24 h with vehicle (control) or BSO. B, Microphotographs show increased monochlorobimane fluorescence caused by increased GSH content in motor neuron cultures treated for 24 h with tBHQ (500 nM) compared with vehicle (control). tBHQ prevented motor neuron death induced by NGF (100 ng/ml) plus DETA-NONOate (10 M; NGFϩNO). Data are expressed as percentage of GDNF (mean Ϯ SD). The dashed lines represent the SD of NONE. *p Ͻ 0.05, significantly different from GDNF.
the nontargeted antioxidants and particularly effective in preventing cell death induced by oxidative mitochondrial damage in vitro and in vivo (Kelso et al., 2001; Jauslin et al., 2003; Dhanasekaran et al., 2004 Dhanasekaran et al., , 2005 Adlam et al., 2005) . Moreover, mitoQ has been shown to cross the blood-brain barrier and thus could be particularly useful to prevent mitochondrial oxidative damage and neuronal death induced by NGF/ p75 NTR -signaling in vivo. It was previously shown that motor neurons overexpressing ALS-linked SOD1 mutations (G37R, G85R, or G93A) display increased susceptibility to activation of Fas apoptotic pathway, but not to trophic factor deprivation or excitotoxic death (Raoul et al., 2002) . We show here that transgenic SOD1 G93A motor neurons also show increased susceptibility to p75 NTR -mediated apoptosis. In contrast to nontransgenic motor neurons, SOD1
G93A motor neurons are sensitive to NGF-mediated apoptosis in the absence of exogenous nitric oxide. Although an external source of nitric oxide is not required, NGF-induced apoptosis in SOD1 G93A transgenic motor neurons requires endogenous production of nitric oxide by nNOS, because apoptosis is prevented by nNOS inhibitors. Our results suggest the execution of a similar apoptotic pathway in nontransgenic and SOD1 G93A motor neurons. The increased susceptibility of SOD1 G93A motor neurons to NGF-induced apoptosis was not mediated by increased expression of p75 NTR or nNOS mRNA. However, increased nitric oxide production may still result from activation of endogenous NOS enzymatic activity. Nevertheless, for other apoptotic stimuli, including Fas (Raoul et al., 2002) and trophic factor deprivation (Estévez et al., 1998) , nNOS regulation in motor neurons occurs at the transcriptional level. In nontransgenic motor neurons, basal nitric oxide production was counteracted by endogenous antioxidant defenses, and NGF-mediated apoptosis only proceeds in the presence of an exogenous source of nitric oxide, which overwhelmed antioxidant defenses. The expression of mutant SOD1 leads to decreased antioxidant defenses, thereby potentiating the detrimental stress of endogenous nitric oxide production. Together, our results suggest a critical modulation of the p75 NTR -apoptotic pathway in motor neurons that is specifically regulated by the interaction with neighboring cells. NGF-mediated apoptosis will be executed only in the presence of surrounding cells producing nitric oxide or other diffusible factors capable to induce nitric oxide production or decrease antioxidant defenses in motor neurons.
GSH, the most abundant nonprotein thiol present in mammalian cells, is particularly important in limiting the deleterious actions of nitric oxide in the nervous system (Dringen et al., 2000) . GSH is synthesized by the consecutive action of the enzymes GCL and glutathione synthetase. GCL catalyzes the ratelimiting step in GSH biosynthesis and both subunits of the enzyme, GCLC and GCLM, are transcriptionally regulated by Nrf2, a redox-sensitive transcription factor and member of the Cap'n'Collar/basic-leucine zipper family (Nguyen et al., 2003) . Compared with nontransgenic motor neurons, SOD1
G93A motor neurons showed reduced Nrf2 mRNA expression, which correlated with a decreased transcription of GCLC and GCLM. A similar reduction in Nrf2 expression was previously observed in a motor neuron-like NSC34 cell line transfected with a mutant SOD1 expression vector and in motor neurons from SOD1-associated familial ALS cases (Kirby et al., 2005) . This reduction in Nrf2 expression could explain the increased susceptibility of SOD1 G93A motor neurons not only to NGF but also to Fasmediated apoptosis, which also involves ROS and RNS production (Raoul et al., 2002) . tBHQ has been established to strongly activate gene expression mediated by Nrf2 and to subsequently increase GSH content by induction of GCL. tBHQ causes increased GCL expression only when Nrf2 is present, but it does not in Nrf2 knock-out cells (Lee et al., 2003) . Accordingly, pharmacological activation of Nrf2 by tBHQ treatment completely prevented NGF-and Fas-mediated motor neuron apoptosis in nontransgenic and SOD1 G93A motor neurons. Thus, Nrf2 manipulation may be a target in the prevention of motor neuron death occurring in neuropathological conditions involving either p75 NTR -or Fas-apoptotic signaling.
